In its classical form, autophagy is an essential, homeostatic process by which cytoplasmic components are degraded in a double-membrane-bound autophagosome in response to starvation. Paradoxically, although autophagy is primarily a protective process for the cell, it can also play a role in cell death. The roles of autophagy bridge both the innate and adaptive immune systems and autophagic dysfunction is associated with inflammation, infection, neurodegeneration and cancer. In this review, we discuss the contribution of autophagy to inflammatory, infectious and neurodegenerative diseases, as well as cancer.
Introduction
Autophagy is a fundamental cellular homeostatic mechanism, whereby cells autodigest proteins, lipids and organelles of their cytoplasm for removal or turnover [1] . This intracellular recycling process of the cell serves as housekeeping function. During cell injury or accumulation of damaged cellular components, intracellular inclusion bodies may be transferred to the autophagic pathway, and degraded by the lysosome [1] . There are two fates for this catabolic process, a long-term need to prevent tissue damage and disease, and there is also an acute requirement for autophagy to sustain homeostasis in stressful environments.
During autophagy, a double or multi-membrane-bound structure, termed autophagosome or autophagic vacuole, is formed de novo to sequester cytoplasm. The vacuole membrane then fuses with lysosomes to deliver the contents into the organelle lumen, where they are degraded and the resulting macromolecules are recycled [2] . Under normal conditions, autophagy occurs at a low basal level to maintain homeostasis [3] . However, it can be induced under starvation to carry out selective or non-selective bulk degradation to supply a nutrient source, promoting survival. Thus, the regulation of autophagy is important in controlling the level, timing and specificity of cargo elimination [4] . Moreover, multiple additional signals, including endoplasmic reticulum (ER) stress, immune cell activation, oxidative stress and infection, stimulate autophagy [5] .
Different studies have shown that autophagy can function as an intracellular pathogen sensing mechanism, and defects in autophagy can lead to increased susceptibility to infection [6] . In this context, several recent studies have implicated autophagy in the removal of pathogens located in phagosomes [7] and the cytosol [8] . For instance, a particle that engages Toll-like receptors (TLRs) on a murine macrophage, while it is phagocytosed, triggers the recruitment of the autophagosome marker LC3 (microtubule-associated protein 1 light chain 3) to the phagosome in an autophagy pathway proteins-dependent manner [9] .
The importance of the role of autophagy in innate and adaptive immunity is highlighted in part, by the association of defects in autophagy with neurodegeneration, aging, cancer, metabolic syndrome and inflammatory disorders including Crohn's disease (CD) [2] . An emerging role of autophagy in innate immunity is suggested by findings showing that this process is able to regulates the inflammasome and cell-specific pattern-recognition receptor (PRR) signaling [10] [11] [12] , as well as the clearance of apoptotic bodies and even the induction of cell death, which was suggested as a potential mechanism to control inflammation [13] [14] .
About its role in cancer, it has been demonstrated that autophagy may participate in a beneficial or deleterious way of response. It may have a tumour suppressive role through the elimination of oncogenic protein substrates, toxic unfolded proteins and damaged organelles [15] . Alternatively, it may have tumour promoting effects in established cancers through autophagy-mediated intracellular recycling that provides substrates for metabolism and that maintains the functional pool of mitochondrias [15] .
In this review we will describe recent advances about autophagy and their roles in the immune responses and diseases.
Overview of Autophagy
Autophagy is a general term for pathways by which cytoplasmic materials, including soluble macromolecules and organelles, are delivered to lysosomes for degradation [16] . Autophagy is then, a highly regulated mechanism, as demonstrated by the identification of several autophagy-related (ATG) genes in the yeast Saccharomyces cerevisiae [17] [18] . ATG genes encode intracellular machinery that controls the initiation of autophagosome formation, cargo collection and trafficking to the lysosomal compartment. More than 30 of these genes were originally characterized in yeast, and many orthologs have subsequently been identified and confirmed as autophagy regulators in higher eukaryotes [18] [19] . There are at least 3 different autophagic mechanisms involved in the lysosomal degradation of de cytoplasm content, including macroautophagy, chaperone-mediated autophagy and microautophagy [16, 20] . This review focused in macroautophagy, usually referred as autophagy. In this pathway, a portion of cytoplasm (usually 0.3-1μm in diameter) is engulfed by an isolation membrane (in mammals) or `phagophore' (in yeast), resulting in the formation of a double-membrane structure known as autophagosome. The outer membrane of the autophagosome fuses with the lysosomal membrane to form an autolysosome, this way, the inner autophagosome membrane and the autophagosome cargo are degraded by lysosomal enzymes [21] (Fig. 1 ). Following this step, lysosomes can be recycled from autolysosomes allowing the cell to reuse a critical component required for further autophagy, the lysosomal membrane and associated proteins, when there is a scarce resource [22] . In addition, autophagy constitutively and efficiently delivers cytosolic proteins for MHC class II presentation and thus CD4+ T cell stimulation [23] .
Several hetero-oligomeric protein complexes, that contain ATG proteins, are involved in the initiation and elongation stages of autophagy. Most ATG proteins function primarily at early stages of autophagosome formation; up to the step where the phagophore becomes an autophagosome [24] . When nutrients are abundant, mammalian target of rapamycin (mTOR) interacts with the ULK1-ATG13-FIP200-ATG101 complex and phosphorylates ULK1 and ATG13 to inhibit autophagosome formation. However, autophagy is induced in response to nutrient starvation through the inhibition of mTOR, resulting in dephosphorylation and activation of the ULK1 kinase complex. In turn, activation of this complex causes the initiation of autophagosome nucleation and elongation. In this step, the translocation of the mTOR substrate complex from the cytosol to certain domains of the ER (the site of autophagosome formation), requires a complex containing ATG6 or its mammalian homolog, Beclin 1, that recruits the class III phosphatidylinositol-3-OH kinase (PI(3)K) complex, which includes at least VPS34 kinase (also known as PIK3C3), VPS15 (PIK3R4 and p150), Beclin 1 and ATG14, to the ER [4, 19, 25] .
The PI(3)K complex can also be activated by proteins that interact with Beclin 1, including UV radiation resistance-associated gene (UVRAG) and activating molecule in Beclin 1regulated autophagy protein 1(AMBRA1) [17] . Once activated, this complex produces phosphatidylinositol-3-phosphate (PtdIns(3)P), which recruits effectors molecules such as double FYVE-containing protein 1 (DFCP1) and WD-repeat domain phosphoinositideinteracting (WIPI) family proteins WIPI1 andWIPI2, which are orthologs of the yeast PI3Pbinding protein ATG18 [25] . DFCP1 translocates to the site of autophagosome formation in a PI3P-dependent manner and is essential for the generation of membranous structure, closely associated with both the autophagosome and the ER, termed omegasomes [26] . In addition, in yeast, ATG14L mediates the localization of the autophagy specific PI3-kinase complex to the ER, and its recruitment is a critical determinant of the omegasomes formation, possibly ensuring a constant supply of PI3P at sites of omegasome/ autophagosome formation, however, detailed function of ATG14L in mammalian autophagy has not yet been characterized [27] .
At the final step of autophagosome formation, elongation of the isolation membrane and/or completion of enclosure require two ubiquitin-like conjugates. The first system involves conjugation of the ATG12-ATG5 by the E1-like ATG7 and E2-like ATG10 enzymes, which together bind ATG16L1 to form pre-autophagosomal structures [28] . In the second ubiquitin-like reaction, LC3 and GABARAPs (mammalian ATG8 homologs) are cleaved by the protease ATG4. Phosphatidylethanolamine is conjugated to cleaved LC3 (LC3-II) and GABARAPs by ATG7 and a second E2-like enzyme, ATG3, then, this lapidated LC3-II associates with newly forming autophagosome membranes and is found on the inner and outer surfaces of the autophagosome. ATG8s are degraded along with the inner membrane upon formation of the autolysosome, but LC3-II remains on mature autophagosomes until fusion with lysosomes and is commonly used to monitor autophagy [29] [30] [31] [32] [33] In addition to the ER, other membranes may be involved in autophagosome formation. ATG9, another transmembrane protein in mammals, is essential for autophagy and traffics between the trans-Golgi network, late-endosomes and autophagosome precursors [34] . A recent investigation suggests that mitochondria, the plasma membrane and the nuclear membrane could also be membrane sources for autophagosome formation [35] [36] . However, further research is needed to develop specific protein markers for these structures on the autophagosomal membrane. It is possible that cells may use different membrane sources, to form the autophagosome, in different situations.
During maduration stage, autophagosomes are transported along microtubules towards the microtubule-organizing center, where lysosomes are abundant [37] . The autophagosomal membranes assemble around cargo, encapsulating it in a vesicle that subsequently fuses with a lysosome, generating an auto-lysosome. A number of SNARE proteins, including VAMP8 and Vti1B, are believed to be involved in regulating heterotypic fusion between autophagosomes and the lysosomal compartment [38] . The contents are then degraded by lysosomal enzymes and the lysosomal permeases release the breakdown products into the cytosol, where they are available for synthetic and metabolic pathways [4] .
Autophagy: a selective degradation process
For a long time macroautophagy has been considered a rather unselective process for bulk degradation of long-lived proteins and organelles that during nutrition deprivation can recycle building blocks and help restore the energy balance of the cell. [39] . Later, it was observed that autophagosomes preferentially degrade particular macromolecular constituents within the cytosol, thus, the idea of "targeted" or specific autophagy began [40] . Recent reports show evidences of selective autophagic degradation of protein inclusions caused by aggregate-prone or misfolded proteins (aggrephagy) [41] [42] [43] [44] , of organelles such as peroxisomes (pexophagy) [45] , mitochondria (mitophagy) [46] , bacteria and virus (xenophagy) [47] [48] , surplus ER (reticulophagy) [49] , and ribosomes (ribophagy) [50] . As suggested by Johansen et al. [51] selective autophagy depends on binding of substrates to the inner surface of the growing phagophore, and this can be achieved by cargo receptors that are associated both with the substrate and with lipidated ATG8 family proteins anchored to the phagophore. Aggregation of the substrate and/or cargo receptor is required for efficient sequestration. Closure results in the formation of a double-membrane autophagosome. Fusion of autophagosomes with late endosomes or lysosomes (maturation step) is then required for the formation of autolysomes where the substrates are degraded.
The autophagic adaptors p62/SQSTM1 (sequestosome 1) and NBR1 (neighbor of Brca1 gene) are both selectively degraded by autophagy and able to act as cargo receptors for degradation of ubiquitinated substrates [51] [52] . A direct interaction between these autophagic adapters and LC3, mediated by a LIR (LC3-interacting region) motif, their inherent ability to polymerize or aggregate as well as their ability to specifically recognize substrates, are all required for efficient selective autophagy [51] [52] .
Autophagy and inflammation
Inflammation is a vital host response to the loss of cellular and tissue homeostasis with many important roles, such as host defence, tissue remodeling and repair, and the regulation of metabolism [53] During infections or tissue damage, a cascade of signals leads to the recruitment of inflammatory cells, particularly phagocytes such as neutrophils and macrophages. These cells phagocytose infectious agents and damaged tissue components and produce additional cytokines and chemokines that lead to the activation of adaptive immune responses. Sterile inflammation occurs in the absence of any microorganisms during trauma, ischaemia-reperfusion injury or chemically induced injury. During both, microbially-induced and sterile inflammation, the recruitment of phagocytes and the production of pro-inflammatory cytokines and chemokines, notably tumour necrosis factor (TNF) and interleukin1 (IL1) [54] .
The pro-inflammatory cytokines IL-1β and IL-18 are synthesized as precursors, which can be processed by caspase-1 to become bioactive forms that are then secreted. This process occurs in specialized protein platforms, referred to as inflammasomes that are assembled after pro-inflammatory stimulation of the cells [55] .
Autophagy, TLRs and the inflammasome
There are multiple crossroads between autophagy and inflammation [52] . The autophagy pathways and/or proteins are suggested to play a role in the control of inflammatory signaling [56] . Autophagy contributes to host defense responses by promoting the elimination of pathogens and the induction of acquired immunity. In this scenario, several TLRs including TLR2, TLR4, and TLR9 are able to induce autophagy. We have demonstrated that activation of TLR2 with peptidoglycan (PGN) from S. aureus induces autophagic cell death in phagocytes [14] (Fig. 2 ). Other investigators have reported that TLR4 adaptor protein TRAF ubiquitinates Beclin 1 to promote autophagy and to stimulate NF-κB signaling [57] . A recent study showed that DNA containing immune complexes activates TLR9 and induces secretion of type I interferons (IFNs) from plasmacytoid dendritic cells, by a mechanism that involved the convergence of the phagocytic and autophagic pathways [58] .
Another important effect of autophagy proteins on inflammatory signalling is related to the regulation of the inflammasome-dependent responses. Autophagy regulates these responses by controlling the levels of pro-inflammatory cytokine secretion, such as interleukin-1β (IL-1β) and IL-18. The inflammasome complex contains NOD-like receptor (NLR) cryopyrin proteins, the adaptor protein ASC and caspase 1, and is activated by cellular infection or other stress stimuli, to promote the maturation of IL-1β and IL-18. The involvement of autophagy in the regulation of pro-inflammatory cytokine secretion was recently demonstrated in ATG-16 deficient mice, which produce exaggerated amounts of IL-1β and IL-18 in response to LPS and other pathogen associated molecular patterns (PAMPs) [59] . ATG16L1-deficiency disrupts the recruitment of the ATG12-ATG5 conjugate to the isolation membrane, resulting in a loss of microtubule LC3 conjugation to phosphatidylethanolamine. Consequently, both autophagosome formation and degradation of long-lived proteins are severely impaired in ATG16L1-deficient cells. Mice lacking ATG16L1 in haematopoietic cells are highly susceptible to dextran sulphate sodium-induced acute colitis [59] . Although in this study, the nature of the inflammasome scaffold was not determined, LPS-induced inflammasome activation in ATG16L1-deficient cells is dependent on K+ efflux and ROS, suggestive of NLRP3 involvement.
The NLRP3 inflammasome consists of the NLRP3 scaffold, the ASC (PYCARD) adaptor, and caspase-1. NLRP3 is activated upon exposure to whole pathogens, as well as a number of structurally diverse PAMPs, damage-associated molecular patterns (DAMPs), and environmental irritants [60] . Recent reports reveal that NLRP3 inflammasome activity is suppressed by ROS blockade [59, 61] and inhibition of mitophagy/autophagy with 3methiladenine (3-MA) in THP1 macrophages, resulted in the accumulation of ROSproducing damaged mitochondria, as a consequence of the inflammasome activation [62] . Additionally, the induction of AIM2 or NLRP3 inflammasomes in macrophages triggered activation of the small G protein RalB and autophagosome formation. Assembled inflammasomes underwent ubiquitination and recruited the autophagic adaptor p62, which assisted their delivery to autophagosomes [63] . A recent study found that Map1lc3b−/− and Becn1+/− macrophages released mitochondrial DNA in excess quantities into the cytosol in response to LPS and ATP treatment, explaining the increased caspase-1 activation and IL-1β and IL-18 secretion observed in these cells [12] . Further research is required to fully understand the complex reciprocal regulation of inflammasome and autophagic pathways. Dying, stressed or injured cells release or expose molecules on their surface that can function as either adjuvant or danger signals for the innate immune system [64] . These immunogenic endogenous molecules are called DAMPs and they can stimulate the immune system through a broad family of membrane-bound or cytoplasmic pattern-recognition receptors, which include TLRs, NLRs and RIG-I-like receptors [65] [66] .
Some DAMPs, such as ATP and high mobility group protein B1 (HMGB1), are secreted or released and others, such as calreticulin and heat shock protein 90 (HSP90), are exposed de novo or become enriched on the outer leaflet of the plasma membrane [66] . In addition, other DAMPs, such as uric acid, are produced as end-stage degradation products during the course of cell death [66] . In the past few years, the concept that autophagy regulates release and degradation of DAMPs such as HMGB1, ATP, IL1β, and DNA in several cell types has emerged [67] . For instance, recent evidences suggest that autophagy can regulate HMGB1 release in a ROS-dependent manner in fibroblasts, macrophages and cancer cells, and neutrophil extracellular trap-mediated HMGB1 release in neutrophils [67] [68] [69] . Autophagy can also induce the degradation of endocytosed exogenous HMGB1 in macrophages [70] . In addition, autophagy is required for the release of ATP by cancer cells, which may stimulate antitumor immune responses [71] .
Multiple signals and molecules can participate in the regulation of autophagy, and it is suggested that DAMPs, such as HMGB1 and ATP, are powerful autophagic stimuli and regulators [67] [68] 72] .
ATP induces P2RX7-dependent autophagy in human monocytes/macrophages, which is associated with rapid killing of intracellular mycobacteria [73] and stimulates in microglial cells the release of autophagolysosomes to the extracellular space [74] . The induction of autophagy by HMGB1 has been well studied and both, intracellular and extracellular HMGB1-mediated autophagy promote chemoresistance in colon cancer, pancreatic cancer and leukemia [67, [75] [76] .
Autophagy and inflammatory pathology: Crohn'disease
Crohn'disease is a common inflammatory bowel disorder thought to result from a breakdown in self-recognition of commensal gut flora together with defects in mucosal barrier function [77] . The etiology of CD remains a controversial topic, but recent studies have revealed three CD susceptibility genes, ATG16L1, immunity-related GTPase family M (IRGM) and NOD2 [78] [79] . As we described earlier, ATG16L1 is not only present but also is essential for proper elongation of the isolation membrane. IRGM induces autophagy in response to IFN-γ, leading to increased clearance of bacterial pathogens [80] . Finally, NOD2 is an intracellular PRR of the NLR family expressed in a limited number of tissues and cells that includes Paneth cells and monocyte-derived cells of the immune system. This molecule recruits ATG16L1 to bacterial entry sites, targeting bacteria for autophagic degradation [81] .
Interestingly, recent studies showed that NOD2 activation by its bacterial ligand, muramyldipeptide (MDP), was capable of inducing autophagy in primary human antigenpresenting cells, monocyte-derived dendritic cells (DCs). This phenomenon required NOD2 and the NOD2 signaling mediator RIPK-2, but not NALP3, a PRR that also recognizes MDP. In addition, other studies also reported that NOD2-induced autophagy requires autophagy proteins including PI3K, ATG5, ATG7 and ATG16L [77] . Moreover, in human DCs, NOD2-mediated antigen presentation requires autophagy, and DCs expressing CD variant NOD2 (1007fsinsC, R702W or G908R) and ATG16L1 T300A display reduced surface MHC class II and are less capable of inducing antigen-specific CD4+ T cell responses [82] [83] . Additionally, some studies have suggested that the ATG16L1 T300A variant has reduced autophagic clearance of enteric pathogens such as adherent-invasive Escherichia coli or S. typhimurium [77] .
Another study has demonstrated that ATG16L1 mutation (null or hypomorphic alleles) in mice results in abnormalities relevant to CD pathogenesis [84] . Here, the author reports a striking genetic interaction between ATG16L1 mutation and a specific strain of an enteric virus, murine norovirus. This virus-plus-susceptibility gene interaction alters the transcriptional signature of Paneth cells and the nature of the inflammatory response in mice treated with the toxic substance dextran sodium sulfate by a mechanism that involved TNFα and IFNγ secretion as well as commensal bacteria [83] . In addition, macrophages from chimeric mice lacking ATG16L1 in hematopoietic cells have increased IL-1β production in response to LPS stimulation or infection with noninvasive enteric bacteria. These mice are highly sensitive to sodium sulfate-induced colitis, suggesting that increased proinflammatory cytokine production by macrophages may also promote intestinal damage in ATG16L1-dependent CD [59] . Overall, defects in autophagy may alter xenophagic bacterial clearance, pro-inflammatory cytokine secretion, and extracellular secretion pathways, promoting CD pathogenesis.
Autophagy and infection
Xenophagy protects against infectious disease by degrading intracellular bacteria such as Streptococcus pyogenes, Mycobacterium tuberculosis, Shigella flexneri, Salmonella enterica, Listeria monocytogenes, viruses such as herpes simplex virus type 1 (HSV-1) and protozoan pathogens including Toxoplasma gondii [85] [86] . In addition, autophagy induction, along with activation of other innate immune responses, represents the first line of defense during pathogen infections. However, autophagy-mediated responses have different functions depending on the microorganism and host cell type involved. Indeed, the efficacy of intracellular microbe sensing may have driven the evolution of pathogen mechanisms aimed to evade, inhibit, and usurp host cell autophagy to promote survival, replication, and pathogenesis [52] .
Multiple studies have confirmed the important role of autophagy during infection. For example, group A Streptococcus (GAS) is an extracellular pathogen that invades the cytoplasm of epithelial cells but is rapidly degraded by an autophagy-dependent pathway [7] . The diameter of GAS-containing autophagosome-like vacuoles can be as large as 10 μm compared with 0.3-1.0 μm for non-selective autophagosomes. Several reports demonstrated that this process required not only the common machinery of autophagy, but also Rab7 [87] [88] , Rab9 and Rab23 [89] as additional components.
Salmonella enterica serotype typhimurium infection represents another situation in which a pathogen is targeted inside a vesicular structure. Upon infection of epithelial cells, S. typhimurium resides in Salmonella-containing vacuoles (SCVs), which promote bacterial survival and replication. In the process of bacterial internalization, autophagy adaptors have a crucial role in targeting pathogens to autophagosomes. These adaptors include p62/ sequestosome 1 [90] , nuclear dot protein 52 kDa (NDP52) [47, 91] , neighbor of BRCA1 gene 1 (NBR1) [92] , and Optineurin (OPTN) [93] , all of which bind ubiquitin, LC3 and GABARAP-1, mediating interaction between LC3-positive isolation membranes and ubiquitinated targets. Finally, LIR domains of the autophagic adapter proteins allow for the delivery of cytosolic S. typhimurium into autophagosomes [51] . Autophagic degradation of several other pathogens, including L. monocytogenes [94] and S. flexneri [95] , is also mediated by p62.
Autophagy mediated by NDP52 and OPTN involves TANK-binding kinase (TBK1) and this kinase is known to interact with OPTN. The LPS/TLR4-mediated activation of TBK1 likely promotes phosphorylation of S177 in the LIR domain of OPTN, facilitating LC3 binding and subsequent targeting of S. typhimurium to autophagosomes [93] . An ubiquitin-independent pathway, involving the lipid second messenger diacyl-glycerol, that does not involve p62 or NDP52, could also function in targeting damaged SCVs to the autophagosome. In this pathway, diacyl-glycerol acts as a signal for the co-localization of SCVs with LC3-positive autophagosomes by a mechanism that involves protein kinase C and its downstream targets, JNK and NADPH oxidase [96] .
Numerous studies have shown a crucial role for autophagy in defense against mycobacterial infection in human cells, and a genome-wide siRNA screen of host genes that regulate Mycobacterium tuberculosis (M. tuberculosis) replication in human macrophage-like THP-1 cells, identified host proteins that influence maintenance of intracellular pathogen load [97] . Most of the identified M. tuberculosis-strain-independent host factors function in autophagy, indicating a central role for this process in controlling M. tuberculosis infections. Previous studies focused on the role of autophagy in mycobacterial clearance were performed using Mycobacterium bovis Bacille Calmette-Guérin (BCG), the attenuated vaccine strain [98] that lack of several virulence factors, including the type VII secretion system ESX-1 [99] [100] , that make this strain defective for replication within macrophages and fails to activate innate responses of macrophages. In these studies, targeting of LC3 to BCG-containing vacuoles required exogenous stimulation of autophagy. Recently, it was reported that wild-type (WT) M. tuberculosis cells elicit ubiquitin-mediated targeting to autophagy in resting macrophages, resulting in the delivery of bacilli to lysosomes. Targeting requires both the bacterial ESX-1 system and host cytosolic DNA sensing pathway, and the delivery of bacilli to autophagosomes requires the ubiquitin-autophagy receptors p62 and NDP52 and the DNA-responsive kinase TBK1 [100] .
Interestingly, the IRGM leads to enhanced autophagic clearance of vacuolar M. tuberculosis in human myeloid cells [8] . In addition to the delivery of the bacterial pathogen to lysosomes, autophagy contributes to the elimination of M. tuberculosis through the production of antimicrobial peptides by a mechanism p62-dependet [101] [102] . Moreover two members of the guanylate-binding protein (Gbp) family of GTPases (Gbp1 y Gbp7) were recently found to be involved in the production of antimicrobial peptides in autolysosomes [103] . However, M. tuberculosis may also block phagosomal maturation in order to evade degradation [98] .
In a similar fashion to the M. tuberculosis-containing vesicles, conditioned phagosomes are also used by the parasite Toxoplasma gondii for its replication. Nevertheless, there are two mechanisms of macrophage activation that result in killing and clearance of T. gondii in cultured cells, one dependent on IFNγ/LPS signaling and the other one dependent on ligation of CD40, being the IFNγ-mediated pathway very important for the control of acute infection. Recent studies have shown that expression of the Atg5 in granulocytes and macrophages is required for in vivo resistance to infection with T. gondii and recruitment of the IFNγ-inducible p47 GTPase IIGP1 (Irga6) to the vacuole membrane [104] [105] . These studies suggest that pathogen-conditioned phagosomes might need processing for efficient clearance of the contained parasites. In addition to IFNγ, activation of macrophages by CD40-CD40L ligation increases the levels of Beclin 1 and stimulates autophagy to kill T. gondii [106] .
During viral infections, autophagy-mediated responses have different outcomes depending on the virus and host cell type. The viruses have developed strategies to both target autophagosome generation and autophagosome maturation. Several viral proteins target the core autophagy protein Beclin 1. In fact, autophagosome initiation is blocked by interactions between Beclin 1 and the α-herpes simplex virus 1 (HSV-1) neurovirulence factor ICP34.5 [107] or the oncogenic γ-herpes virus-encoded viral BCL2-like proteins [108] . The factor ICP34.5 also interacts with other host proteins, including protein phosphatase 1α (PP1α) to promote neuropathogenesis. The GADD34 homology domain of ICP34.5 interacts with PP1α to facilitate eIF2α dephosphorylation and enable HSV-1 replication [107, 109] .
Interestingly, the Beclin 1-binding domain (BBD) of ICP34.5 has been demonstrated to be necessary to inhibit starvation-induced autophagy in the breast cancer cell line MCF7. Mutant HSV-1 expressing a version of ICP34.5 that lacks the BBD was unable to inhibit autophagy in infected primary neurons and this effect finally leads to reduction of replication in vivo [109] . Moreover, a mouse γ-herpes virus that encodes a mutant viral BCL2 inhibits autophagy maintaining latent infections [110] . Thus, herpes viruses sequester Beclin 1 to inhibit autophagosome formation to enhance their neurovirulence and increase their persistence in vivo.
RNA viruses seem to stabilize autophagosomes by preventing their degradation. The human immunodeficiency virus type-1 (HIV) blocks autophagosome maturation in infected macrophages [111] . HIV relies on several components of autophagy for its replication since silencing of autophagy proteins inhibits HIV replication [112] . In macrophages, HIV groupspecific antigen (Gag)-derived proteins accumulate in the stabilized autophagosomes enhancing viral replication. The Gag proteins co-localize and interact with LC3B, and are accumulated at LC3B-II enriched membranes via its nef protein, which co-localizes with autophagosomes and binds to Beclin 1 via its DD motif (aa 174-175). This fusion block is also established in DCs upon HIV infection, preventing the formation of so-called immunoamphisomes [111, 113] . Moreover, HIV-1 blocks autophagy in DCs by activating the mTOR pathway through the interaction of HIV-1 envelope glycoproteins (Env) with the CD4 receptor [113] . The inhibition of autophagy in DCs leads to increased cellular viral content, increased transfer of HIV-1 to CD4+ T cells and impaired MHC class II presentation of HIV-specific antigens to HIV-specific CD4+ T cells [113] [114] . In addition, HIV-1 inhibits autophagy in infected CD4+ T cells by downregulating Beclin 1 at the transcriptional level [115] . Thus this manner, HIV-1 may manipulate autophagy to evade degradation.
Autophagy, neuroinflammation and neurodegeneration

Microglial cells and neuroinflammation
The central nervous system (CNS) contains sensitive tissues with poor regenerative capacity; therefore the `immune privilege' is indispensable for damage limitation during inflammation [116] . It is now clear that while peripheral immune components access to the CNS is restricted and tightly controlled, the CNS is capable of mounting dynamic immunologic and inflammatory responses to a variety of insults [117] [118] [119] . Several stimuli such as trauma, infections, toxins and systemic pro-inflammatory cytokines are capable of eliciting an immediate and short lived activation of the innate immune system within the CNS [118, 120] . This acute neuroinflammatory response includes activation of microglia (resident immune cells) resulting in their morphological and phenotypical changes, and the release of inflammatory mediators such as cytokines and chemokines by these cells [119] . Under physiological conditions, microglia exhibit a quiescent phenotype which is associated with the production of anti-inflammatory and neurotrophic factors [121] . Activated microglia, however, promote an inflammatory response that serves to further engage the immune system and initiate tissue repair [122] . This response is frequently self-limiting, resolving once infection has been eradicated or the tissue damage has been repaired. However, persistence of inflammatory stimulation, by exogenous or endogenous factors, or a failure in normal resolution mechanisms caused by overwhelming inflammatory cycles, may result in pathological consequences [122] . Activated microglial cells and macrophages are essential for the clearance of invading microorganisms and injured tissue. They can be stimulated to express a variety of pro-inflammatory cytokines such as IL-1, TNFα and IL-6, as well as superoxide and nitric oxide, which are neurotoxic and may amplify underlying disease states [123] .
The current knowledge about the role of autophagy in the CNS is still patchy [124] . Autophagosomes accumulate in several brain disorders [125] [126] and autophagy seems to be essential for neuronal homeostasis, plasticity and protein quality control in neurons [127] [128] . Most of the existing literature related to autophagy in the CNS focuses on neurons and little is known about the effects of the autophagic process and its regulation in microglial cells. Our recent in vitro and in vivo studies show that activation of microglial cells with bacterial PGN and other TLR2 ligands results initially in microglial cell activation and later in the induction of microglial cell death by mechanisms involving autophagy [14] . Thus, PGN might act as a regulator of microglial cell survival through the induction of autophagic cell death in pathological conditions where PGN, or other TLR2 ligands, are present in the CNS. Our data revealed that stimulation of TLR2 in microglial cells initially activates the cells followed by the induction of autophagic cell death [14] . Therefore, TLR2, an important PRR involved in host defense and neurodegeneration [116] , has the potential to control microglial cell population, and this capacity might be exploited by pathogens to evade innate host immune responses. On the other hand, recent evidences support the notion that mTOR is involved in microglial pro-inflammatory activation, thus making this kinase a possible target for therapeutic intervention to reduce brain inflammatory responses [129] .
As we mentioned before, following activation, microglia become capable of numerous functions depending on the stimuli in the surrounding environment. One such function is phagocytosis, which facilitates brain homeostasis via the clearance of cellular debris and possibly the pruning of synapses [130] [131] . Interestingly, Lucin et al. recently show that Beclin 1, together with its phosphatidylinositol 3-kinase (PI3K) binding partner, Vps34, participate in microglial receptor-mediated phagocytosis by regulating the retromer complex, which is involved in sorting cellular components to the lysosome or recycling the components back to defined compartments such as the cell surface [131] . Therefore, reduction of Beclin 1 results in decreased retromer levels, phagocytic receptor recycling, and phagocytosis of latex beads and Alzheimer's disease (AD) -associated β-amyloid (Aβ) peptide. In addition, they showed that Beclin 1 and retromer are reduced in microglia isolated from postmortem human AD brains [131] .
Together these findings suggest that autophagy may participate in different microglial cell functions that play important roles in neuroinflammation; however, further investigation is required in order to dissect in detail the molecules involved in these processes.
Although the causes of several pathological conditions in the CNS, such as AD, Parkinson's disease (PD) and multiple sclerosis (MS), are complex and may involve multiple factors, an active role of the innate host defense mediated by mononuclear phagocytes has been clearly demonstrated [116] . Despite the fact that inflammation may not typically represent an initiating factor in neurodegenerative diseases, it is clear that a balance between pro-and anti-inflammatory signals, determining sustained inflammatory responses in the CNS involving microglia and astrocytes contribute to disease progression [122] .
Neurodegenerative diseases are pathological conditions in the nervous system characterized by progressive neuron loss, normally accompanied by accumulation of abnormal protein aggregates in the affected regions. Autophagy is essential for proper neuron function and generally plays a cytoprotective role against the onset of neurodegeneration preventing accumulation of aggregate-prone proteins and damaged mitochondria [132] . Pharmacological induction of autophagy can enhance the clearance of intracytoplasmic protein aggregates, such as mutant forms of huntington, and ameliorate pathology in cell and animal models of neurodegenerative diseases such as AD, PD and forms of motor neuron disease [133] . Interestingly, Beclin 1 expression decreases with age in the human brain, suggesting that decreased autophagy may underlie the observed association between advanced age and increased incidence of neurodegenerative diseases [134] . Next, we will describe the role of autophagic dysfunction in the etiology of some neurodegenerative diseases, such as AD and PD and the different ways in which autophagic pathways might be manipulated for the therapeutic benefit of patients with those neurodegenerative disorders.
Alzheimer's disease
Alzheimer's disease is a late-onset, neurodegenerative disorder characterized by progressive accumulation of hyperphosphorylated tau protein in intracellular neurofibrillary tangles and deposition of extracellular Aβ plaques [84] . Previous studies in well-preserved biopsied AD neocortex have distinguished dense lysosomes and also various types of autophagic vacuoles including autophagosomes, amphisomes, multilamellar bodies, and autolysosomes, representing "intermediate" stages in the progression of autophagy [135] . These observations suggested that defects in autophagic maturation may be a general feature of AD pathology.
For instance, in AD, autophagy may be impaired at both levels, autophagosome degradation [136] and autophagosome formation [137] , although these effects may vary accordingly to the patient's genotype or the stage of the disease. Genetic studies have identified several mutations that cause rare familial forms of AD, such as mutations in amyloid precursor protein (APP) and in presenilin (PS) 1 and 2 [138] [139] .
PS1 mutations are the most common cause of early-onset familial AD and this transmembrane protein has a critical role in lysosome acidification. Furthermore, PS1 is essential for the activation of lysosomal proteases during autophagy since mutations in PS1 lead to impaired targeting of α subunit of V0-ATPase to the lysosome resulting in deficient lysosomal acidification [136] .
Other evidence suggests that autophagy might be disrupted at the level of autophagosome formation in patients with AD. Compared with healthy individuals, the brains of patients with AD show reduced expression of Beclin 1, which could lead to impairment in autophagic activity [137] . Heterozygous deletion of Beclin 1 in mice that express the ADassociated mutant human APP have increased APP and Aβ aggregation and present a more severe neurodegeneration compared to Beclin 1 WT mice expressing mutant human APP [137] . Moreover, not only pathogenic APP but also pathogenic tau is degraded by autophagy. Supporting these data, 3-MA (autophagy inhibitor) increases tau aggregation and toxicity, and rapamycin (autophagy inductor) decreases toxicity in cells that overexpress mutant tau [128, 140] . However, another study indicates that both treatment with 3-MA or Beclin 1 knockdown decreases Aβ toxicity in human neuroblastoma and glioma cell lines [141] . This controversy about the cytoprotective vs. cytotoxic roles of autophagy in AD models may be addressed by evaluating the autophagic flux and the degree of lysosomal defect in each case. Further research is required to understand the participation of the autophagic response in AD.
Parkinson's disease
Parkinson's disease is a late-onset neurodegenerative disorder caused by degeneration of dopaminergic neurons in the substantia nigra. This pathology is characterized by the presence of intracellular inclusions named Lewy bodies containing the proteins α-synuclein and ubiquitin and accumulation of autophagic vacuoles and damaged mitochondria. The most frequently type of PD is sporadic, although familial forms do exist [142] .
Mutations in two genes: PINK1 and PARK2 have been associated with autosomal recessive PD. PINK1 is a gene that leads to the ubiquitination of outer mitochondrial membrane proteins, AP recruitment, and mitophagic degradation and PARK2 encodes Parkin [143] [144] , which is selectively recruited by PINK. Both, WT and mutant A53T α-synuclein are degraded by autophagy and the overexpression of mutant A53T α-synuclein in neurons may lead to PD. Mutant A53T-expressing neurons induce mitophagy, accompanied by depletion of cellular ATP and cell death [145] . In addition, treatment with 3-MA or knockdown of Parkin or Beclin 1 partially protects against A53T-mediated cytotoxicity.
Moreover, mutations that cause gene duplications of α-synuclein, are sufficient to cause familial PD [146] . Interestingly, whereas autophagy is inhibited by overexpression of mutant A53T, excess of intracellular levels of α-synuclein impairs autophagy by causing inhibition of the small GTPase Rab-1A [147] . The accumulation of α-synuclein might increase the level of protein aggregation and reduce autophagy, preventing effective clearance of dysfunctional mitochondria, and enhancing neuronal susceptibility to pro-apoptotic insults [147] .
Autophagy and cancer
The autophagic machinery seems to be involved in some type of cancers. There are really two links, one at the level of cancer development and the second one at the level of cancer treatment. Several studies revealed that allelic deletion of Beclin 1+/− has been associated with enhanced susceptibility to ovarian, prostate and breast cancer in humans [148] and heterozygous Beclin 1+/− mice increased spontaneous tumorigenesis [148] . In addition, spontaneous tumorigenesis was also reported later upon deletion of others ATGs, such as UVRAG, LC3 and ATG4c [149] [150] [151] . Furthermore, inactivation of autophagy-specific genes may be used like a tumour-suppressor pathway, and its decreased activity may be involved in the development of human cancer.
Autophagy was initially classified as an anti-oncogenic mechanism. This conclusion was based on evidence that demonstrate a tumor-suppressive role for autophagy when considering genetic inactivation of it, either indirectly by constitutive activation of the PI3K/ AKT pathway via activating PI3K mutations, AKT amplifications, or PTEN (tumor suppressor gene) loss or directly by allelic loss of Beclin 1 or deficiency in Atg5 that in increased tumorigenesis [152] . Paradoxically, this concept has been challenged by some evidence suggesting that autophagy can also be pro-oncogenic because it might help to maintain tumor cell survival [153] .
Regulatory mechanisms of autophagy overlap with signaling pathways that regulate tumorigenesis. Consistently, tumour-suppressor genes involved in the upstream inhibition of mTOR signaling (PTEN, TSC1, and TSC2) turn autophagy on, and conversely, mTOR activating oncogene products such as class I PI3K and Akt genes turn it off [154] [155] [156] . Moreover, p53 and DAPK, that are frequently mutated in human cancer, positively regulates autophagy [2, [157] [158] . The cellular proto-oncoproteins, Bcl-2 and Bcl-XL, which are often overexpressed in human cancers, inhibit autophagy by binding to Beclin 1 [2] .
The overexpression of p62 (normally degraded by autophagy) as a result of autophagy inhibition, was shown to be important in the promotion of tumorigenesis through deregulation of NF-κB signaling, activation of NF-E2 related factor 2 (Nrf-2), accumulation of ROS, and increased DNA damage.
The conflicting pro-survival and pro-death functions of autophagy make the connection to cancer treatment more complex. However, it has been proposed that in the early stages of cancer development, quality control by autophagy, particularly over genome maintenance, inhibits tumorigenesis, conferring anti-oncogenic functions upon this pathway. In fact, autophagy could also coordinate the maintenance or entry of cells into the G0 phase and consequently, prevent spontaneous hyperproliferation of cells. In contrast, in the late stages of oncogenesis, autophagy may help tumour cells endure metabolic stress and resist death triggered by chemotherapeutic [159] .
Autophagy and cancer therapy
The particular ability of autophagy to promote cell survival during metabolic stress or cell death as a result of an imbalance in cell metabolism, where autophagic cellular consumption exceeds the cellular capacity for synthesis, is a promising avenue for cancer therapy.
In a study using mice harboring c-Myc-induced lymphomas, it was reported that chloroquine, an alkalinizing lysosomotropic drug, impaired autophagic degradation, by a mechanism that enhanced the ability of either p53 or a DNA alkylating agent to induce tumor cell death and tumor regression [160] . This suggests that inhibition of autophagy might be beneficial in cancer chemotherapy. In addition, some recent studies in glioma cells demonstrated that shRNA-mediated knockdown of BECN1 and ATG5 protected this cell against temozolomide (a DNA alkylating agent)-induced death [161] . Furthermore, numerous assays using autophagy inhibitors (3-MA or chloroquine treatment) or genetic knockdown of autophagy genes have demonstrated that inhibition of autophagy may sensitize tumour cells to cell death induced by diverse cytotoxic agents [86, 159, [162] [163] . In addition, there are several Phase I/II clinical trials in progress using the chloroquine or hydroxychloroquine in combination with chemotherapy for the treatment of a range of haematological and solid tumours [162, 164] .
Proteasome inhibitors are also known as autophagy inducers. Protein turnover by lysosomal degradation through the autophagy pathway is functionally coupled to, and compensatory with, the ubiquitin-mediated proteasome protein degradation pathway. In this scenario, the proteasome inhibitor Bortezomib was shown to induce autophagy in colorectal cancer cells and this drug was approved by US Food and Drug Administration for the treatment of relapsed multiple myeloma [165] [166] . Similar findings were observed in another study, which demonstrated that the inhibition of proteasome in prostate cancer cells by NPI-0052 could facilitate autophagy through an eIF2α-dependent mechanism that up-regulated transcription of ATG genes [167] . Thus, simultaneous inhibition of both mechanisms proteasome-and autophagy-mediated protein degradation could result in more efficient tumour cell elimination than the inhibition of either pathway alone, which is worth testing therapeutically.
Perspectives
Autophagy has been shown to play essential roles in infection, inflammatory diseases and cancer. Better understanding of the relevance of autophagy contribution to diseases has great clinical potential. While the study of autophagy is still in progress, it is clear that autophagy is deeply integrated into metabolism, stress response and cell death pathways. Thus, this process and their associated responses might provide information about the capacity of the host to interact with exogenous pathogens and endogenous molecules produced under stress conditions, but these events could be conditioned by the type of stress and cell type. In the meanwhile, how autophagy is controlled and regulated, and the specificity that is associated with cellular consumption, requires further investigation. It will be important to define and characterize molecular and biochemical events involved in the complex interplay between autophagy and diverse pathologies, for the development of novel therapeutic strategies for patients suffering either neurodegenerative and autoimmune diseases or cancer. Finally, further pre-clinical and clinical studies are also warranted to explore the role of autophagy up-regulation in cancer prevention. Steps of autophagy pathway activation. The biogenesis of autophagosomes requires the ordered intervention of autophagy-regulated (ATG) proteins that act on different modules. Some of these modules are shown on the figure, including the ULK1complex (ULK1/ ATG13/FIP200/ATG101) and PI3K complex (Beclin 1/ATG14/calss III PI3K) in the initiation of phagophore formation. During starvation or rapamycin treatment, mTOR is inhibited, leading to ULK1 dephosphorylation and activation of autophagy. Then, the phagophore nucleation is mediated by a complex involving PI3K. (a) The elongation of phagophore is mediated by two ubiquitin-like conjugation systems that together promote the assembly of the ATG12/ATG5/ATG16L complex and the processing of LC3. This molecule is cleaved by the protease ATG4 to generate LC3-I, which is then activated by ATG7, transferred to ATG3 (a second E2 ubiquitin-like enzyme) and conjugated to PE. The lipidated form of LC3-I (LC3-II) is attached to both faces of the phagophore membrane. This step is characterized by membrane bending and increase in size of the phagophore through addition of membrane, which incorporate cytoplasmic components, such as mithocondria, ER, macromolecules, etc. (b) The elongation step ended off with closure of the autophagosome. In the maturation step, fusion of autophagosomes with lysosomes is required for the formation of autolysomes where the substrates are degraded. TLR2 activation induces microglial cell death by inducing autophagy. The stimulation of TLR2 with PGN, Pam2CSK4 and Pam3CSK4 induce activation of autophagy revealed by increased protein levels of Beclin 1 and LC3-II. Moreover, the co-localization of LAMP-1 and LC3-II indicated fusion of autophagosomes with lysosomes. Persistent induction of autophagy pathway promotes microglial cell death with a significantly reduction of microglial cells in the brain parenchyma. The microglial cell death was reverted in the presence of autophagy inhibitors (3-MA and LY294002).
